the last 5 years the writers prefer the method about to be described on account of its rapidity and certainty. With this method we arrive at the same result by reducing the potential difference across the protoplasm at one spot approximately to zero by killing it in such fashion that during the time of the experiment the injury does not
FIG. 1. Diagram of a cell of
Valonia which is pierced by a glass capillary so that the protoplasm adheres to the glass and forms an electrical seal which prevents a short circuit through the cell wall3 The arrow shows the direction in which the positive current tends to flow when cell sap is applied to the exterior of the cell. W, cell wall; P, protoplasm.
,.
Single cell of Niteala appear to affect other points at a sufficient distance in the same cell. When we lead off from the killed spot to a normal region, the circuit passes once through dead and once through living protoplasm and the results justify the conclusion that under proper conditions the observed value is practically all due to the potential difference across the living protoplasm at the uninjured spot 5 (Figs. 2 and 9).
5 This method might not succeed so well with Valonia on account of the shortcircuiting in the cell wall3
The experiments were made upon carefully selected material of Nitdla tlexilis. 6 Cells up to 4 or 5 inches long were taken from the central portion of the plant. The larger adhering cells were trimmed away and the ceils allowed to stand for ~F FIo. 3 . Diagram to illustrate the manner of leading off from the ceil, which rests on a paraffin block P having two or more openings (two only are shown here) above each of which is a stop-cock S from which a solution runs down upon a double strip of filter paper F which passes on both sides of the cell and descends through the opening to a waste jar W, just above which it encounters a tube T filled with agar (made up with saturated KCI) which is connected with a string moistened with saturated KC1) running to a calomel electrode.
e Kindly identified by Dr. ~. S. Karling.
an hour or more in tap water before being used. Only normal cells in good condition were employed and every care was taken not to subject them to unfavorable influences during the course of the experiment (except for the application of the toxic agent at the spot selected for killing).
In making an experiment a single multinucleate cell was placed upon a paraffin block P, as shown in Fig. 3 . The block had two openings at each of which a strip of filter paper F was in contact with the cell. Each strip was divided into two parts, one passing over and the other under the cell, so as to make contact on both sides. Above the cell the filter paper was connected with a reservoir so arranged that on opening a stop-cock S a constant stream of solution flowed over the filter paper T (on both sides of the cell) and down through the opening to a waste jar W. s just below the cell the filter paper came in contact with a tube T 9 filled with agar made up in saturated KC1, which ran to a vessel filled with saturated KC1 into which dipped a calomel electrode filled with 2 ~ KC1. This was the procedure with solutions in general but in experiments with sap contact was made by a piece of absorbent cotton soaked in sap which could be replaced by another soaked in sap containing chloroform. The contacts at A and C were not near enough to the ends of the cells to involve certain minute cells which are present at the very end but even if these cells had been involved it does not seem probable that they could interfere with the results under the conditions of the experiment.
In preparing for an experiment the cells were freed from adhering drops of water by drying them lightly with filter paper before placing them on the paraffin blocks. Sufficient space was left between the contacts on the cell to prevent undue shortcircuiting: this space could be art inch or more in length in cells 4 or 5 inches long. In order to prevent the cells from drying out, cotton wet with distilled water was placed at certain points; t° in no case was the cell allowed to suffer from lack of water and it v~as carefully watched for signs of injury throughout the experiment.
The experiments were made at room temperature varying from 20 to 25°C., but the variation in any one experiment was less than 1°C.
The apparatus used to measure the potential differences had to fulfill the requirements of being an electrostatic instrument with a very short period. Such an instrument was obtained by combining a thermionic vacuum tube with a string 7 In the Case of living protoplasm the variations in the rate of flow occurring in these experiments did not affect the results but in the case of dead or injured protoplasm (where sap comes out) the rate of flow is of importance. There seems to be no noticeable effect due to "StrSmungselektricitRt," with a gentle flow.
a Reservoirs and waste jars must be carefully insulated to prevent short-circuiting. 9 This was placed below in order to prevent the KCI from contaminating the solutions in contact with the cell. The agar was employed to prevent the solutions from being washed out of the tube.
10 This did not noticeably increase the tendency to short-circuiting in the cell wall (regarding this, see Osterhout, W. J. V., Y. Gen. Physiol., 1927-28, xi, 83) .
galvanometer. A similar arrangement has been used by Forbes u in the measurement of action currents of nerves, but the apparatus employed here is more like the second stage of that described by Chaffee. ~ In our work the vacuum tube was not necessary for the purpose of amplification, but only for converting the string galvanometer into an electrostatic instrument. The potential was applied to the grid and filament circuit of the vacuum tube, and the changes were recorded by the string galvanometer, the image of the string being projected and photo. graphed on bromide paper. A diagram of the circuit used is shown in Fig. 4 . V is a vacuum tube; the type used in this work being an RCA 201A. B is a battery of 80 or 90 volts, about one-half of it provided with 1.S-volt taps in order to obtain small steps in voltage for balancing purposes. With the filament lighted, and the switch S thrown to the right (connecting grid to filament through the C battery), the clip T is at-
A Fro. 4. Diagram of the electrometer: V is a vacuum tube (with batteries A, B, and C). The circuit can be dosed through the wall galvanometer G or through the string galvanometer. A grid leak R~ is sometimes used: the potentiometer P ' is used for calibration.
tached to one of these taps so that the galvanometer G reads zero or nearly so. The final adjustment to zero is made by means of the potentiometer P. This potentiometer has about 700 ohms resistance, and is connected across two dry cells in series, thus furnishing a total of 3 volts in small steps. This acts as a vernier adjustment on the tap T. The galvanometer G is a moving coil Leeds and Northrup wall type, and is switched into the circuit and balanced to zero before switching to the string. A double pole, double throw switch is provided for switching from the wall galvanometer to the string galvanometer and vice versa.
For the measurements in this work it was necessary to decrease the sensitivity 11 Forbes, A., and Thacher, C., Am. ]. Physiol., 1920 , lii, 409. Chaffee, E. L., J. Optical Soc. Am., 1923 of both galvanometers. In the case of the wall galvanometer this was done by shunting it with a variable resistance and in the case of the string~galvanometer the string was tightened and some resistance was put in series with the string. The tension of the string was such that when a potential of 1 millivolt was applied to it directly a deflection of 1 or 2 ram. was obtained on the record. The string galvanometer was Type A as made by the Cambridge Instrument Co. The camera used in photographing the excursions of the string was a 12 cm. camera, also made by the Cambridge Instrument Co.
..-Electrometer
to A
B'
Through ~iectrom~ter to G FIo. 5. Diagram of the rotary switch. The two brass segments A p and B p are insulated from each other and are connected to the rings A" and B" fastened to the hard rubber cylinder R: as they revolve they come alternately in contact with the brush C t which is connected through the electrometer to the point C on the cell. When ]3 t is in contact with the brush the circuit is closed through/3 ~, C , B, and C; when A ~ is in contact with the brush the circuit is closed through A p, C ~, A, and C. As the contact with A ~ is twice as long as with B ~ the dash is twice as long on the record, as indicated by the broken lines connecting A and B to the rotary switch.
The switch, which connects the filament to either the grid or one of the calomel electrodes, must not open one circuit before it closes the other, A battery, marked "C battery" in the figure, is inserted to polarize the grid negatively. The voltage of the C battery must be chosen from a study of the static characteristic curves of the tube being used, under the same conditions of plate and filament voltage as are used in the circuit. Under these conditions no appreciable current flows between grid and filament. In order to obtain reversibility 13 and good proportionality, it is necessary to operate the tube on the straight part of the curve obtained by plotting the grid voltage against the plate current.
The resistance RG is a grid leak which is inserted during certain types of experiments to protect the string in case an open circuit should occur at the Nilella cell. The nearer the polarizing potential of the C battery approaches the free grid potential the less the necessity for the grid leak which may therefore have a very high resistance or be omitted altogether.
If a grid leak is employed the observed values of the potential difference are lowered. The amount of this lowering was ascertained by making measurements with and without the grid leak: the latter agreed with simultaneous readings made with the Compton electrometer. These measurements were made under all the experimental conditions which alter the resistance of the Nitella cell (such as change of solutions, killing part or all of the ceil) and a correction factor was applied to the observed values. A convenient way to ascertain the correct value is to make calibrations (by means of the potentiometer P') as often as there is any reason to suppose that the resistance changes.
In order to switch from one point to another on the cell it was necessary to employ a rotary switch such as that shown in Fig. 5 . In its simplest form this consists of two brass rings (A" and ]]") mounted on the periphery of a hard rubber cylinder (R). Each ring is connected by an electrical conductor to a brass segment mounted on one end of the cylinder, one segment (.4') consisting of an arc of 240", another (B') of an arc of 120 °. This gives a ratio of 1:2. The segments are insulated from each other, and a brush (C') makes contact with them as the whole unit revolves. The rotary switch is made to revolve at a rate which is proportional to the rate at which the bromide paper passes through the camera. The point -4 on the cell is connected to A' so that when the brush is in contact with A' the circuit is completed from .4 to C through the electrometer: when the brush is in contact with B' the circuit runs from B to C through the electrometer but as this connection lasts only half as long as in the case of A the dash on the record is only half as long, as is indicated by the broken lines in the figure.
As the brush passes from one segment to another it remains for a very small fraction of a second in contact with both segments so that for this interval both .4 and B are connected to C. It might seem that this would allow .4 to discharge to B (or ~ce versa) but it is evident that this does not affect the results for we get exactly the same values when we do not employ the rotary switch.
When connection is made to more points on the cell the rotary switch has a corresponding number of segments.
The apparatus was adjusted by applying a known potential to the grid and filament circuit, and varying the tension of the string and the resistance in series la The reversibility was tested during each experiment and unless it was satisfactory the experiment was rejected.
with the string, until the desired sensitivity was obtained. The known potential was obtained from a Leeds and Northrup potentiometer which was standardized against a Weston standard cell. The entire electrical apparatus and the wire used in all connections was electrostatically shielded. The box containing the vacuum tube and accessory apparatus was suspended from the ceiling (by means of springs and rubber) to avoid mechanical shocks. The string galvanometer was mounted on sponge rubber.
As has been stated, the plan of the experiments was to reduce the potential difference at one point approximately to zero ~4 b y killing the protoplasm at t h a t point. I t seemed probable t h a t this could . . . . be done since in experiments on Valonia macrophysa ( a r r a n g e d as in a few~mlcrons) (The thickness of the cell wall and of the protoplasm (which is only ' " is greatly exaggerated in proportion to the diameter of the cell.) Fig. 1 ) we find, on leading off from the interior of the capillary to sap in contact with the outside of the cell a potential difference of about 14.5 millivolts; but when we apply sap saturated with chloroform the potential difference falls nearly or quite to zero.
In order to test this idea in the case of Nitella an experiment was arranged as shown in Fig. 2 : sap saturated with chloroform was applied at A and C or at A, B, and C after which the cell was cut open at A.15 If the cut opens the protoplasm in the manner shown in Fig. 14 By this is meant a low value not exceeding 2 mfllivolts. 15 If A and C were alive cutting at A would permanently change the potential difference. This is not the case when they have been completely killed by chloroform.
6 the circuit from A to C will pass only once through the protoplasm and practically all the electromotive force will be due to the dead protoplasm at C (when C is killed sap comes out so that the cell wall is in contact with sap on both sides and will in consequence produce no electromotive force). Under these circumstances the average value was close to zero.
Since the circuit from 1~ to C passes through protoplasm at two places it may be expected to act differently from the circuit passing from A to C, as long as B is not completely killed, but when/3 is dead both circuits should act alike when tested by applying toxic agents or by changing the composition or the concentration of the solutions without involving toxic action (as described below). This was found to be the case. In cutting A it may happen that the protoplasm is brought together in the fashion shown in Fig. 7 , as the result of which (when subjected to the tests mentioned below) the circuit from A to C acts for a time as if the protoplasm at A were not completely dead. Aslong as this condition lasts we cannot obtain the correct value of C. But when the tests show that the protoplasm at A is completely killed we find that the observed value in the circuit A to C falls almost or quite to z e r o .
It would therefore seem that when a spot is completely killed by chloroform its mean value is not far from zero and hence by leading off to another spot which is far enough away to remain uninjured we should be able to measure the normal potential difference across the
protoplasm at the latter spot. We can arrange an experiment as in Fig. 2 and kill with chloroform at C and then apply various tests to discover whether A remains normal. All of these tests agree in showing that this is the case for some time after the chloroform is applied at C (but it is of course possible that there may be injury which is not detected by these tests). The tests are as follows: 1. The appearance under the microscope. A very slight rounding up of the chloroplasts is the first sign of injury.
2. The application of certain innocuous solutions which produce veb] different effects on normal and dead protoplasm. When, for example, we substitute 0.001 M NaC1 for 0.001 ~ KC1 normal protoplasm gives a characteristic response (becoming more positive) which is lacking in dead protoplasm and which is not affected by the cell wall (as shown by experiments on dead cells). This is illustrated by the photographic record in Fig. 8 which shows that the substitution of 0.001 ~ NaC1 for 0.001 M KC1 produced a positive drop which disappeared when 0.001 M KC1 was again applied at A. Chloroform was then applied at C and about 2.75 minutes later 0.001 x~ NaC1 was again applied at A. It produced the same drop as before, indicating that no injury had occurred J6 (it does not follow, of course, that this would apply in every case and to all kinds of material).
Exactly the same sort of evidence is secured by using two concentrations of the same salt (e.g. by changing from 0.01 ~ KC1 to 0.001 ~t KC1) although in this case there is some complication due to the effect on the cell wall.
3. The application of toxic solutions produces very different effects on living and dead protoplasm. Thus we find that for some time after killing A with chloroform the application of chloroform to C produces the same sort of curve as at A, but if we wait too long the character of the curve changes. (If we cut the cell open at A instead of applying chloroform, C promptly shows signs of injury. This cannot be discussed in detail here but will be fully described in later papers.)
16 In this case sap escapes at C when the protoplasm is killed and comes in contact with the cell wall. This would affect the observed potential difference (since the cell wall at A is in contact with 0.001 M KC1 or NaC1) were it not for the fact that the flowing junction reduces the effect to negligible proportions. 4 . If any injurious effects produced b y chloroform at A should spread along the cell to C the potential difference between A and C would change (this change would as a rule be wholly due to C since A would usually remain constant after death). To test this an experiment was arranged as in Fig. 2 (with B omitted) with sap 17 at A and C. Sap saturated with chloroform is was applied at A. The records show t h a t as a rule the potential difference between A and C remained t " l S l e c t c o m e t e r ~. constant for some minutes, after the subsidence of the disturbance produced by the application of chloroform at A.
The fact t h a t the potential difference between A and C remains constant indicates t h a t no injury has spread along the cell from A to C. We m a y therefore regard C as unchanged during the period of the experiment. On the other hand, when the changes due to the appli-1T This was obtained by cutting off the ends of living cells (the surface being lightly dried with filter paper) and causing the sap to flow out by gentle pressure. It was used at once as it alters on standing and becomes unfit for use in such experiments as these. Wads of purified cotton or filter paper were soaked in the sap and applied to A and C.
ts The fact that chloroform causes a rapid change has been shown by one of us in a different way (exosmosis). Cf . Osterhout, W. J. V., J. Gen. Physiol., 1922-23, v, 709 . Chloroform has the advantage of producing scarcely any change in electrolyte content or osmotic pressure when sufficient is added to saturate the solution.
cation of chloroform at A have subsided and the curve has flattened out we may regard A as dead since we find little or no change in potential difference when we apply to A the tests mentioned above: these would cause a considerable change of potential if A were alive, or only partly dead. When these solutions are applied to C, not too long after the death of A, they give the expected change of potential difference, indicating that C has remained normal.
The experiments indicate that when the protoplasm at A is completely killed by sap saturated with chloroform its electromotive force falls approximately to zero and the electromotive force which remains 19 is due to the living protoplasm 2° at C which remains for some time in normal condition. *J' Measurements were therefore made by ascertaining the potential difference between A and C as soon as the changes due to the application of chloroform at A had subsided and the curve had flattened out.
With sap at A and C we find that A is positive to C, that is, the positive current tends to flow through the electrometer in the direction shown by the arrow in Fig. 9 . This indicates that when sap is applied to the outside of the cell the inner surface of the protoplasm at C is positive to the outer surface so that if wc could substitute Nitella for Valonia in Fig. 1 the positive current would tend to flow in the same direction as in Valonia (as shown by the arrow). The potential difference in Valonia (with Valonia sap applied to the exterior) is about 14.5 millivolts and the corresponding value in Nitella 19 There can be no cell wall effect, since the solutions at A and C are practically identical in respect to electrolytes and experiments show that these solutions give no potential difference on dead cells.
20 The application of sap to the outside of the cell produces no injurious effect in these brief experiments, as is shown by the fact that when an experiment is arranged as in Fig. 2 , with tap water at A and sap at C, the potential difference remains unchanged for a period considerably longer than the duration of the experhnents described in this paper. In longer experiments the sap may have some injurious action.
21 The length of this time varies with the material but can always be tested in the rnanncr described above and in no case were experimental results regarded as valid unless the measurements were taken before there appeared to be any sign of injury.
(with Nitella sap applied to the exterior) is about 15.9 millivolts.~ s
We thus arrive at the conclusion that in Nitella, as in Valonia, the protoplasm is asymmetrical. If, for example, we suppose it to be made up of layers, X, W, and Y, as suggested in a former paper, 3 we should have the chain .3 (external) sap [ X I W [ Y[ sap (internal) If X and Y were identical we should have no potential difference but since this is not the case we must suppose that they are unlike.
It is therefore evident that asymmetric protoplasm is not confined to Valonia but that it exists in Nitetla also and it is possible that it may be a general phenomenon. In that case there can be little doubt that it is of fundamental significance. In all probability this phenomenon is closely connected with the differences in selective permeability between the inner and outer protoplasmic surfaces that have been previously pointed out. 1 It is in harmony with the fact that in Nitella and in Valonia the two surfaces appear to react differently to cell' sap which seems to be injurious to the outer surface but not to the inner. But it is of course possible that even if X and Y were alike the application of sap to the outside might cause injury by changing the normal potential difference across the protoplasm or in some other way disturbing the normal relations. It would be an interesting problem to determine by what mechanism these two layers are formed in a film of protoplasm which is only a few microns in thickness. The idea that the surface layer of the protoplasm is produced by the migration into the surface of substances which reduce surface tension would lead us to expect that both the inner and outer surfaces would be alike. That they are not alike is This is the average of 29 experiments, the probable error of the mean being -~ 0.744 millivolts or 4.65 per cent of the mean. A few of these experiments were made with artificial sap (80 parts 0,05 ~ KC1 + 20 parts 0.05 ~ NaC1) which gives the same results as natural sap.
This value might be higher if there were no short circuits in the cell: these have been discussed in a previous article3 2s The cell wall is omitted since it does not appear to affect the results here described. indicated by the results described above as well as by other considerations such as the fact that a cellulose wall is deposited at the outer surface, but not at the innerY 4 It might be supposed that this is due to the fact that the two surfaces are not under the same conditions since they are in contact with different solutions. If this were the case we should expect that a cell bathed in its own sap could not secrete a cell wall. Unfortunately, this experiment cannot be carried out because the sap is too toxic.
In addition to the inner and outer surfaces of the protoplasm which seem to be unlike there may be a variety of internal surfaces. It should be remembered that in both animals and plants there are cases where different kinds of vacuoles exist in the same cell and it is possible that each of the different kinds of inclusions in the cytoplasm are in contact with a different kind of protoplasmic surface. In addition to these there are the surfaces of nuclei and of plastids as well as of mitochondria. There may be considerable diversity among these surfaces in respect to permeability and electrical properties.
The fact that the inner and outer surfaces of the protoplasm are unlike might be regarded as analogous to the fact that the two ends of a cell are in many cases unlike. If in the latter case we may speak of the longitudinal polarity of the cell, we might in the former speak with equal propriety of radial polarity, meaning that in one case the unlike elements of the protoplasm are arranged along a longitudinal line and in the other along the radii of the cross-section of the cell. The nature of both kinds 2s of polarity deserves careful investigation.
SUMMARY.
Using multinucleate cells of Nitella 2 or 3 inches in length it is possible to kill one end with chloroform without producing at the other any immediate alteration which can be detected by our present methods.
It is, of course, quite possible that a very thin film of cellulose or some other substance is secreted on the inner surface, comparable to the thin films found on the surface of many protozoa, but this is evidently not the same thing as building up such a cellulose wall as we find at the external surface.
~s In many cases both are present simultaneously in NiMla.
When a spot in external contact with sap is killed its potential difference falls approximately to zero and it is therefore possible to measure the potential difference across the protoplasm at any desired point merely by leading off from that point to the one where the protoplasm has been killed.
The results indicate that the inner and outer protoplasmic surfaces differ, for when both surfaces are in contact with the same solution (cell sap) there is an electromotive force of about 15.9 millivolts, the inner surface being positive to the outer (i.e. the positive current tends to flow from the inner surface through the electrometer to the outer surface). The situation resembles that in Valonia where the corresponding value (with Valonia sap applied to the outside) has been reported as about 14.5 millivolt 2~ (the inner surface being positive to the outer). It would seem appropriate to designate this as radial polarity.
~But later measurements indicate that this value is too low.
